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Abstr act 

Experimental dot* oro presented In support of th« 
hypothesis thot a DC superconducting magnet coll dooy 
not behave strictly *y an Inductor, but «y * complt- 
c*tod electrodynamlc device enable of yupportlnq elec- 
tromagnetic w«ves. Travel times nf nanosecond puliCI 
and evldonco of ylnuyoldal ytandlnq waves have been 
observed on a prototype four- layer solonoldol coll at 
room temperature. Ringing observed durlnq ywltchlnq 
transients appears as a sequence of multiply reflec- 
ted square pulses whose durations are related to the 
layer lenqthy. With sinusoidal excitation of the 
coll, the voltaqe amplitude between a pair of points 
on the coll exhibits rwxlma at those 'requencles such 
that the distance between these points Is an odd mul- 
tiple of half wavelenqth In free space. The VS 
amplitude at the lowest order ma«1murn Is three times 
that of the Input voltaqe. Such behavior Is typical 
Of wave propaqatlon and aqrees with a preliminary 
analysis based on wavequlde theory. The above flnd- 
Inqs base direct hearltiq on coll protection In light 
of experimental evidence of Interlayer voltaqe break- 
down. One cownon scheme of protecting superconducting 
magnets against excessive ohm*, heating due to quenchr* 
Is to disconnect the power supply according to a pre- 
scribed threshold terminal voltaqe. while a resistor 
Is shunted across the coll to limit the reverse vol- 
tage Induced by collapse of the magnetic field. This 
scheme, however, Is founded on the circuit theory of 
Inductors and as such Ignores thr spat1a> ulttrlbutlon 
of voltages and currents, a problem which ’ie> In the 
realm of electrodynamic field theory. Ou' evidence 
Indicates that any disturbance, such as that resultlnq 
from switching or sudden fault. Initiates multiple re- 
flections (electromagnetic wave Instebll i ties ) be- 
tween layers, thus raising the possibility for suffi- 
ciently high voltages to cause breakdown. Such events 
occur during the first few microseconds of the normal 
exponential decay whose duration can be of the order 
of seconds. 

I. Introduction 

Protection of superconducting colls against 
damage Is a problem of major concern to designers of 
large superconducting magnets (SCM). such as might be 
employed In thermonuclear fusion and magnetohydrody- 
namic generators, excessive ohmic heating due to 
sudden quenches pjtentlally can damage the cryogenic 
system as well as the superconductor Itself. Tn pro- 
tect the magnet during a quench or a fault, one con- 
ventional scheme*' 2 Is to disconnect the power supply 
at a threshold terminal voltage. Since the subsequent 
collapse of the magnetic field can induce transient 
high voltages, a limiting resit* Is shunted across 
thecoll. Theoretically, this resistor should diminish 

•Research supported by NASA Office of Aeronautics and 
Space Technology and conducted at the NASA Lewis Re- 
search Center during the sumrer of 1977. 


the rate of collapse, as well as dissipate the stored 
magnetic enerqy. Despite Such a protective measure, 
evidence Of dielectric breakdown has been observed 
upon disassembling a superconducting solenoid at NASA 
lewis Research Tenter. Conventional circuit analysis, 
using an Inf tor representation of this coll and the 
appropriate vulue of the protection resistor, predicts 
voltages Insufficient to cause the observed dielectric 
breakdown. The need for a different approach, there- 
fore, became apparent. 

The problem with the conventional scheme Is that 
founded on the assumption that a large coll 
responds as a -,et of two terminal lumped Inductors en- 
countered In circuit theory. As such, circuit theory 
deals with terminal relations, and doe* not Include the 
Spatial distribution of voltages and currents, which 
proper!* falls In the realm of electrodynamic field 
theory. In the circuit theoretic viewpoint, all events 
occur simultaneously, or In phase, at all points along 
the coll. Vet, from a field theoretic standpoint, a 
resistor pla .'d at the terminals of a coll serves 
merely as a boundary constraint, but the timing of volt- 
ages may differ from point to point, and their magni- 
tude? wlthlr the coll might even exceed that of the 
terminal voltage. 

This • •' 'resents experiments’ fata, together 

with a preliminary theoretical analysis, In Support of 
the hypothesis that a large superconducting coll does 
not behave a* a simple Inductor, but as a compllcai 
electrodynamlc device capable of supporting propagation 
electromagnetic waves. This represents a first attempt 
at a field theoretic approach to the problem of pro- 
tecting superconducting colls. The results are pre- 
liminary In nature, and Indicate that the key to de- 
vising protn tlve methods and analytical models might 
lie In an understanding of the electrodynamics of the 
coll as a wave-guiding structure. 

The first attempts of an experimental test of the 
hypothesis were made on one of the superconducting 
solenoids of the NASA Superconducting Magnetic Nlrror 
Apparatus (St*WA)3«*. Confirmation of the existence of 
a multiplicity of resonances on this maqnet, operated 
at bo*h IHe and room temperatures , motivated further 
exploration nf the phenomena on a four-layer prototype 
coll at room temperature, whose choice was dictated by 
the need 'or flexibility. For macroscopic fields, the 
primary difference betwee ) the two colls Is the signi- 
ficantly lower wave attenuation (damping) In the super- 
conducting one, a circumstance which enhances ismr o* 
the effects bserved In the normal prototype coll. The 
experimental data on this coll are presented In Section 

II, followed by a theoretical Interpretation In Section 

III. 


II. experimental Result s 

A photograph o' the prototype coll, measuring 1?" 
In dlamter and 17" In axial lenqth. Is shown In Mg. 
1. It Is composed of four solenoldal layers each with 
135 turns i ormvar-lnsulated copper-clad Nb-TI wire. 
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This layer-wound coll was constructed of the same wire 
and used the sai’e layer- to- layer spacing as the pre- 
viously tested SUMMA coll. The length, l, of the wire 
In the four spiral layers Is approximately 525 meters. 
As It will become evident, tMs length plays an Impor- 
tant role In the dynamic behavior of the coll. 

As In the SUMMA superconducting colls, each pair 
of layers In the four-layer coll exhibits one reso- 
nance (where Input current Is minimum) at low freq- 
uencies (< 25 Mil) In addition to high-frequency res- 
onances periodically spaced In the frequency domain. 
This low-frequency resonance does not correlate well 
with the frequencies calculated by circuit theory 
using the measured Interlayer capacitances and layer 
‘nductances. However, placement if an aluminum foil 
sheet within the coll bore at the Inner circumference 
Of coll (to simulate a mandrel) did shift the res- 
onance from 13.7 kHz to 22.5 kHz as one might expect 
qualitatively from circuit theory. Yet this simulated 
mandrel had no effect on the high-frequency behavior 
of the coll. Further, the low-frequency resonance 
bears no discernible • - e1a , 1on to the high-frequency 
behavior of the coll ur switching transients. 

Under such transients the low-frequency resonance was 
successfully suppressed by the addition of a damping 
resistor shunted across the coll terminals. However, 
this resistor did not eliminate the high-frequency 
ringing. Thus from the standpoint of coll protection, 
the low frequency phenomena do not pose serious prob- 
lems. Excessively high Inter'ayer voltages appear to 
be the result of high frequency traveling waves. 


3. Hultjpje Reflection 

The response of the coll to a square wave Input, 

In the configuration of Fig. 4a, Is shown In the 
traces In Fig. 4b, while the same tree. In expanded 
scale Is shown In r lg 4c. This pattern Is typical 
of multiple reflections of step functions, providing 
additional evidence of wave propagation. The duration 
of each reflected step Is approximately 810 nsec which 
Is close to the calculated travel time of 860 nsec 
over half the coll length. Since contactors and 
switching devices of real systems mlqht not have the 
rapid rise and fall times of the square wave qenerator 
used for the data of Fig. 4 the coll was manually 
energized and de-enerqlzod to a current level of 5 
amperes, dc. Once aqaln a rlnqlng was observed In the 
first few microseconds of the normal exponential decay. 
This ringing was analysed to be a serels of alter- 
nating miltlply-ref lected-steps having the same dura- 
tions as shown In Figs. 4b and 4c. 

Ill, Th eo retical Interpre t ation 

The following development from the theory of 
uniform waveguides Is presented as a preliminary 
frame work In which to Interpret the above experimen- 
tal results, which otherwise cannot be explained 
strictly by circuit theory. It has been shown 5 that 
the electromagnetic field along any path, either 
straight or curved, occupied by a conductor can be 
described by the lorentz potentials A and 4 satisfying 
the equations 
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1. Stand i ng Wave Resonance 

The voltage V.j> between the Junctions of paired 
layers, corresponding to distances L/4 and 3L/4 along 
the coll, were measured In the circuit configuration 
shown In Fig. ?a, with sine wave excitation. The os- 
cilloscope trace In Fig. 2b was obtained by electronic 
sweep of the frequency between 0.1 and 10 MHz, while 
the grapn In Fig. 2c was obtained manually. The amp- 
litude of Vjg 1 the first peak Is 3.8 times that of 

the Input terminal voltage. This Is a significant 
datum because It clearly shows that voltages within 
the coll can exceed Its terminal voltage. 

The spacing between maxima and minima In Fig. 2c 
appears to be related to the ratio of the coll length, 
L. to the free-space wavelength, x, of the Input sig- 
nal. The maxima of jYj? occur at *hose frequencies 
when the distance L/2, between the sampled Junctions 
Is 0.52X, 1.6 a, 2.88V... This relation closely re- 
sembles the sequence L/2 ■ v/2, 3X/2, 5X/2, which Is 
usually encountered when standing waves exist on any 
waveguide structure. This behavior clearly Indicates 
that the electromagnetic field travels, In part, along 
the spiral path of the coll. 

2. Pulse Transit Time 


The balanced configuration shown In Flq. 3a was 
employed to measure the time of travel of electromag- 
netic disturbances along the coll. The upper trace In 
Fig. 3b shows the pulse at J1 to be delayed by 400 
nsec, relative to the Input pulse at J12, while the In- 
verted pulse at J! It hu 1180 nsec, or roughly 

three times the delay of the first pulse. Apparently, 
the positive pulse starting from the positive terminal 
of the generator travels over one layer, while the 
negative pulse starting f-om the negative terminal 
travels over three layers. The calculated travel time 
per layer Is 430 nsec, based or the speed of light In 
vacuum. The fragmented pulse at J. at the onset of the 
input signal appears to arrive through an axial path 
(1 nsec) provided by capacltlvt and inductive toupllng 
between adjacent turns. 


fx V**0 * * at ♦ (,,t) 

4(x.t) ■ - A x (x.t) (2) 


where c Is the speed of light and x Is the distance 
along the path. These potentials can be re’ated to 
observable voltaqes and currents via normal Izatlon 
Integrals appropriate to the geometry of the conductor- 
oath. Since these Integrals are not easily calculable 
for a coll at this stage, we appeal to the simple case 
of a stralqht wire, even though It Is not completely 
realistic. For this case, the normal Izatlon yields 

v(x.t) • - Kx.t) (3) 


Kx.t) • -^^vtx.t) (4) 

where v(x,t) Is the voltage along the wire relative to 
an arbitrary reference, 1(x,t) Is the current, and Z 0 
Is the characteristic wave Impedance. 

The conditions of the experiments on the co'l 
can be represented best by considering excitation o* 
the line by a generator connected between the conven- 
tional Input-output terminals, as shown In Flq. 5. 

This - jnftguratlon Imposes the boundary conditions 

v $ (t) • 1,«s * v (4* *) * *&• l ) 


1,(0 * f(- t) * t) (6) 
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■her* * 1 (t) *nd 1 4 ( t ) are the generator voltao* a"d 
current, respectively, and * Is it* intern* -est*. 

tent*. 


Employing tn* convenient «> afforded by Laplace 
Transforms, *nd denoting suen transforms by under, 
score*, e.g., u(x,s), we find the solution to fqs (3) 
end (4) subject to the conditions (5) and (6) to he 


It*.*) 




lh* maxima shift accurdlng to whether r. Is positive 
or nrgitlve, which is determined by the ratio 

lor tie foul -layer coll, with l • 525 meter, the 
theoretical frequencies for voltaqe m*«1«vj would be 

f„ • 0.571. 1.71, 7.85 MM* 

compared r tha observed values uf 0.6. 1.85, 3.4 Hm/. 
As tc b# cxpec’efl, fne theory of uniform lines is not 
ide i "tn quant ' tatl vely. V-vwtheless, It Illustrates 
that the observed phenomena are not the result Of cir- 
cuit theoretic retnnance but due to standing waves In 
spar*, 
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T» Interpret the de'a> i'ivi Indicated In rig. 3, 
wo nitr that Vjj^it) and <,jit) correspond to 


where j j • R,/2Z 0 and 



r. Is the reflection coefficient of the general- It 
li worth noting that, at the midpoint of the 11 m, 
v (0,s) Is always tero regardless of the refere e,-, 
while at tha end points th- voltages are epual a- of 
opposite sign. Consequently, the midpoint may be 
taken properly as the voltage reference. 

1. Standing Have Ret -«nce 

In ordar to interpret the results In Section II-;, 
It 1* necessary to e-gress the voltages and currents 
In complex phasor representation appropriate to sinu- 
soidal excitation. This may be done directly by the 
substltulon s • ju In Eqs. (7) and (8), whore Is the 
angular frequency. The quantity of interns’ 
which Is given by 

i*ui • |4 *•) • 4 - *•)! • <•» 


*Jlt‘»> * *(* f* ») (12) 

Kj,l*) • t(- s). 03) 


By er.plyinc the laolace inversion to Eg. (7) evaluated 
at x • • I /it, • 1/4, one finds 


. • z 

* n»0 


{y,(t - An.) - v,[t -am* i),)]j (14) 


V*) ' rVr 4 '*V" 

o-O 

*[» [t • '4.1 ♦ I)-] - v Jt - (40 . J J t] | (15) 


Carrying out the algebraic operations wo find |V,, 
to be 1 


IM > 

|v„l ■ rfri , *<"ivi/4c , | HO) 

and the Input current amplitude to be 

l J sl * r^TTIT l eo$u/2c, l tn) 

s o* 


where 

9 ■ [l ♦ r 2 ♦ 2r s uS(U./c)]' /2 . 

Equations (10) and (11) are plotted In Fig. 6 for 
r. ■ -0.5, for the purpose of Illustration. It Is 
seen that the voltage exhibits maxima at the frequen- 
cies 

f„ • (2n ♦ 1) e/l. n ■ 0.1,7,.., 

while the Inout current has Its maxima at 
f„ • me/l, m • 1,7,... 


where • l/*c A sketch Of the first termis (n * 0) 
of v , , ? and Vjj Is shewn in Fig. 7 for an arbitrary 
input pulse v $ . The higher order terns diminish as 
r? Ccmpa-ing this ketch to the observed trace in 
Mg. 3b show; tfat the agreement between theory and 
experiment is excel '?••*. in this case. 

IV.. _ Cp ncluslnn 

Vie have presented experimental data which, when 
interpreto! in the 'ranework of the theory of waves on 
straight win-s. demonstrate that a larqe coil behaves 
as a straight vaveguice structure. Fro* the 
of col 1 protection. It is significant that voltages 
betweer layers wlfhln a coll wire fn u nd to differ 
from end even rvreed those measured at terminal > where 
protective resistors are usually placed. Such resis- 
tors were found tn suppress the l&w-frequency oscilla- 
tion. but not the Mob-frequency multiple reflections 
and standing waves. Since the characteristic impedance 
of a waveguiding struetja plj a decisive role In the 
multiple re"le<t1cns which cau.e these high-frequency 
resonances, the solutlo' fr.r coll protect!!" against 
excessive voltages and, tor that matter, against any 
tandem stimulation of undeslr* : oscillations might well 
lie In impedance matching at selected points throughout 
the coll system 
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While the motivation for this research was 
better understanding of the dielectric breakdown In 
superconducting magnets, the wave phenomenon dis- 
covered has broader Implications. Sine* multiple re- 
flections cen be stimulated by a random dlsturbence, 
swl chlng trenstent, or sudden fault, these cscllletlng 
«|yes constitute en Instability capable of transforming 
the enyrgy of a quiescent dc Superconducting coll Into 
dissipative ac energy, even when dielectric breakdown 
does not occur. 

The findings alto Illustrate the Inadequacy of 
viewing a coll only at a lumped Inductor. Even the 
representation * sections of distributed Inductances 
and capacitances, such as has been attempted for 
power transformers®*’, Is questionable because there 
are no a pri ori criteria by which one decides the 
number or needed sections and by which one Justifies 
the assumed topology of Interconnections. In light of 
the rudimentary theory presented here, a thorough 
field theoretic analysis of colls In general appears 
desirable and deserving of the effort. 
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0)1 DATA FROM FREQUENCY SWEPT 
SINUSOIDAL INPUT SHOWINC Sly, 
IN UPPER TRACE AND V, IN 
LOWER TRACE. SCAIE - 1. 6 MHz/ 
cm. 
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RATIO L/a 

(C) MANUAL PLOT OF V 1? AND I NORMALIZED TO 
V s ■ 1.0 volt. 


Figure 2. - Standing wave resonance. 




tct SAW TRACE ON EXPANDED TIME 
SCALE. 

Figure 4. - Square wave response. 
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(bl THE OBSERVED TRACE AT J12 AND Jl. 
Figure 1 - Pulse travel time. 




tat THE CIRCUIT CONFIGURATION 




tat THE CIRCUIT CONFIGURATION. 


pt MULTIPLY REFLECTED STEPS IN 
THE INPUT CURRENT I. UPPER 
TRACE. AND THE INPUT VOLTAGE. 
LOWER TRACE. 




Figure 5. - Straight wire transmission line 
analogue of coil. 
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Figure 6. - Theoretical standing wave resonance for 
straight wire showing the input current and the 
voltage between x • ♦ L/4 and x - - L/4 corre- 
sponding to Vjp of figure 2 . 
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Figure 7. - Theoretical pulse travel times for straight wire. 
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Figure 8. - Variation ol deflector spectra 
with deflector length, t VZ-baseltne 
wmg ; MP flap settinq-. WP deflector 
setting; M 0.8; 6Cr radiation angle. 
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